The stability of suspensions of nickel ferrite spheres is investigated for different compositions of the dispersion medium, in the absence and in the presence of an external magnetic field. The time-dependence of the optical absorbance of the suspensions is the quantity used for experimentally determining the stability. Two approaches have been used for the calculation of the interaction energy of the particles: first, the classical DLVO theory, in which the net interaction is considered as the superposition of electrostatic double-layer repulsion and van der Waals attraction; and second, the so-called extended-DLVO model, in which short-range hydrophobic (hydrophilic) attractions (repulsions) are also considered. Calculation of all these interactions required the determination of (i) the diffuse double-layer potential of the ferrite particles (that was approximated by the zeta potential, as deduced from electrophoresis measurements); (ii) the Hamaker constant of the particles in aqueous media; and (iii) the acid/base components of the surface free energy of the solids. The quantities in (ii) and (iii) above were obtained from contact-angle measurements for selected liquids on layers of the magnetic oxide. When a magnetic field is applied, another interaction, of magnetic origin, has to be accounted for. It was found that the suspensions are more stable the farther their pH is from the isoelectric point, and the lower the ionic strength of the medium is, in full agreement with the predictions of both the classical and extended-DLVO models. The application of the external magnetic field was found to provoke significant changes in the rate of variation of absorbance with time: The results are coherent with an increased velocity of particle aggregation due to magnetic attractions between the magnetized colloids. The DLVO theory (in any of its versions) including magnetic interactions can explain this behavior, since the calculated force between particles is more attractive when the field is present. C 2001 Academic Press
INTRODUCTION
The peculiar magnetic properties of ferrites give their suspensions a number of characteristics and potential uses that are not shown by suspensions of nonmagnetic particles. That is why magnetic colloids have found an increasing number of applica-tions in many different fields of technology (1) (2) (3) , including the manufacturing of ceramic magnets from concentrated suspensions, the use of the particles as magnetic resonance imaging (MRI) contrasts (4) , and even as nuclei of biodegradable polymer particles for transport and delivery of pharmaceutical drugs in living organisms (5) . However, the properties of such disperse systems are very sensitive to external magnetic fields, because of the strong magnetic interactions existing between magnetized particles, affecting both their colloidal stability and rheological behavior (6) (7) (8) (9) . In the present work, we focus on the stability of suspensions of magnetizable colloidal particles (so-called magnetorheological fluids) (i.e., on their tendency to reversibly or irreversibly aggregate, or rather remain dispersed as individual units), both in the presence and in the absence of external magnetic fields, and in different conditions of the aqueous dispersion medium.
Interest in this investigation is justified on two grounds: first, the variety of physical phenomena that can be shown by these complex systems, and, second, the fundamental role played by the state of aggregation of the colloidal particles when used in applications. For instance, the better the stability of the starting suspension, the lower the density of structural defects in the ceramic magnet obtained (3) . Also, particle size is crucial when considering biomedical applications: diameters below 1 µm are required to avoid clogging of the capillaries, and to favor the diffusion of the particles into organic tissues when they are intravenously injected into the body for drug delivery (10, 11) .
In order to make a study as quantitative as possible, model particles homogeneous in size and shape should be used, as in many other fields of colloid science. The possibility of preparing inorganic particles with controlled size and shape has been throughly explored by Matijević (12) . In particular, he and his co-workers have demonstrated that spheres of ferrites in the colloidal size range can also be synthesized (13) (14) (15) .
This kind of particle is used in the present study, and a thorough surface characterization of spherical nickel ferrite particles is performed with the aim of estimating all the contributions to the overall particle-particle interaction energy. The results are used for explaining, to the greatest possible extent, the experimentally observed stability, based on determinations of the optical absorbance of the suspensions. The fundamental effect of externally applied magnetic fields is also discussed.
EXPERIMENTAL

Materials
Colloidal nickel ferrite (NiFe 2 O 4 ) spheres were synthesized by a process of coprecipitation of nickel hydroxide and ferrous hydroxide gels in the presence of nitrate ions, following the method first proposed by Regazzoni and Matijević (15 SO 4 ). Both solutions were bubbled for 1 h with pure nitrogen, in order to avoid the presence of oxygen as much as possible. All chemicals were of analytical quality from Merck (Germany), and the water used was of Milli-Q grade (Milli-Q Academic, Millipore, France).
The coprecipitation of the gels was performed by mixing solutions A and B with sufficient water to reach 20 cm 3 of final solution that was purged again with N 2 for 2 h in a 50-cm 3 stoppered Pyrex tube. After completion of the mixing process, the tubes were kept at 90.0
• ± 0.2 • C for 4 h in a preheated Memmert (Germany) oil bath. After cooling in ice water, the solids obtained were washed in a 1 M HNO 3 solution for 60 min, in order to dissolve the unreacted hydroxides. The remaining solids, not dissolved by nitric acid, were easily shown to be magnetic. Thus, repeated decantation in the presence of a permanent magnet (B = 340 mT) placed at the bottom of the container, and redispersion in Milli-Q water, was the method used to clean the suspension of unreacted ions. When the conductivity of supernatant was below 2 µS/cm, the particles were considered clean, and dried at 60
• C under vacuum.
Methods
Transmission electron microscope (TEM) observations were used to ascertain the spherical shape of the particles, and their size homogeneity. Figure 1 is an example of the pictures obtained: the particles are spherical and moderately monodisperse, with an average diameter of 810 ± 90 nm.
The electrical surface characteristics of the particles were analyzed by electrophoretic mobility measurements, performed at 25.0
• ± 0.5 • C in a Malvern Zetasizer 2000 device (Malvern Instruments, UK). The effects of pH and NaCl concentration on the electrophoretic mobility of the ferrite particles were investigated.
A thermodynamic analysis of the particle surface was also carried out. To that aim, contact angles of selected liquids were measured on ferrite layers deposited on microscope glass slides. The method used to obtain a flat, homogeneous surface consisted of covering the glass with a 100 g/L suspension of particles, and allowing it to dry slowly at room temperature for 24 h. Finally, the slides were heated for 6 h at 50
• C in a convection oven, and stored in a desiccator. The surface free energy, γ S , of the solids was characterized by three parameters, γ acceptor, and electron-donor contributions to the surface free energy. According to van Oss (16) , γ S can be written
and a similar equation applies to the liquid phase in contact with the particles, γ L . The solid/liquid interfacial free energy, γ SL , can be related to the γ components of both the solid and the liquid. In fact, using Young's equation,
we can write (16)
where θ is the contact angle of the liquid on the solid. Measuring θ for three liquids of known γ L components, three equations like Eq. [3] are solved in the unknowns γ
2 ). The probe liquids were analytical quality from Merck, and their surface-tension parameters were taken from Ref. (16) . A Ramé-Hart (USA) 100-07-00 goniometer was used to measure θ .
The stability of the suspensions was followed by turbidity determinations as a function of time with a Spectronic 601 Milton Roy UV-vis spectrophotometer, for a wavelength of 394 nm (the wavelength of maximum absorbance of the solids) and a 1-cm light path. Optical absorbance was recorded at 1-s intervals for 400 s, or at 15-s intervals for 1800 s, and suspensions containing 5 g/L of solids and different NaCl concentrations and pH values were analyzed. The effect of an external magnetic field on the stability of nickel ferrite suspensions was studied by placing the spectrophotometer cuvette at the center of a pair of Helmholtz coils (Phywe, Germany). The magnetic field inside the cuvette was vertical, and its strength (2.5 mT in all cases) was measured with a Hall-effect probe using a Phywe (Germany) teslameter. No field variations higher than 10% were detected throughout the sample volume.
The magnetic properties of the particles were analyzed by measuring their magnetization, M, as a function of the applied magnetic field, H , in a Manics DSM-8 (France) magnetosusceptometer. Magnetic fields H ranging between −5000 and +5000 Oe (−398 and +398 kA/m) were applied. Measurements were performed at room temperature (293 K).
RESULTS AND DISCUSSION
Electrokinetic Characterization
In order to evaluate the electrostatic repulsion between dispersed ferrite particles, the electrical surface potential (in fact, the diffuse potential) must be estimated. Our best approach for such a potential is the electrokinetic or zeta potential (ζ ), computed from electrophoretic mobility (µ e ) measurements using O'Brien and White's theory (17) . The effect of pH on ζ is depicted in Fig. 2 , for three different NaCl concentrations. As observed, the isoelectric point, pH iep 6.6 and 6.8 whatever the concentration of sodium chloride, thus proving to be an indifferent electrolyte for this oxide/aqueous solution interface. Other authors (15) found a pH iep ≈ 6.7, using KNO 3 as supporting electrolyte; so our results agree reasonably well with previous findings.
The indifferent nature of NaCl is confirmed by data in Fig. 3 , where ζ is plotted as a function of [NaCl] for three pH values. Note that only an overall decrease is observed with concentration, due to the double-layer compression expected in an electrolyte solution undergoing no specific interactions with the oxide surface.
Surface Free Energy of the Ferrite Particles
As described, all the information concerning the surface free energy, γ S , of the particles was deduced from contact-angle (θ ) measurements. Since the stability of the suspensions was measured as a function of both pH and NaCl concentration, the effect of these quantities on γ S components was also investigated. To that aim, solid layers were deposited on the glass slides as described in the Experimental section, but the starting suspensions used to deposit the particles had the required pH and/or ionic strength. Once the layer was dry, the contact angles were measured for water, formamide, and diiodomethane. Table 1 shows the results. As observed, nickel ferrite is an essentially monopolar, electron-donor (γ
This means that it might have acid/base interactions (hydrophilic repulsion or hydrophobic attraction) with phases of any polarity (having either γ + or γ − , or both, different from zero), but that such interactions do not contribute to the cohesion of this 
Note. In all cases, θ formamide = 10.2 ± 0.8, θ diiodomethane = 4.5 ± 0.9, γ LW S = 50.6 ± 0.1 mJ/m 2 , and γ
material. Note also that neither pH nor NaCl concentration have a significant effect on γ LW S or γ − S . Only the latter component shows a slight decrease when the pH is shifted away from neutrality, but we found that such small changes have a negligible effect on the interaction energy. Figure 4 shows the magnetization loop of the nickel ferrite powder. Its saturation magnetization is ∼ 22 kA/m, not very different from the literature value [37 kA/m; see Ref. (18)]. From the plot in Fig. 4 it is found that NiOFe 2 O 3 is a soft magnetic material, given its practically zero coercive field and remanence. Let us also mention that from these data, when the external field is 2.5 mT (the one to be applied in stability determinations; see below), the magnetization is M = 716 A/m.
Magnetic Properties
Stability of the Suspensions: Effect of pH and Ionic Strength
Information about the colloidal stability of ferrite suspensions can be inferred from data on their optical absorbance variations with time. Figure 5 is an example where the absorbance A, relative to its t = 0 value, A 0 , is plotted as a function of time (after sonicating the suspension) for different pH values, and a constant concentration of NaCl. Although the overall tendency of A/A 0 is to decrease with time because of particle sedimentation, all curves do not superimpose, indicating that there is a clear effect of pH on the sedimentation rate. Such effect, in turn, is a manifestation of the change with pH of the interfacial interactions between particles.
Since the light scattering and absorption properties of colloidal particles forming complex aggregates are not fully resolved from a theoretical point of view (19) , absorbance or turbidity values have some meaning only at the very early stages of aggregation, where A changes only for two reasons: sedimentation of the particles, or formation of doublets from individual particles. So we restrict our discussion to the initial time variation of A/A 0 : Thus, Fig. 6 shows the initial slopes of the absorbance curves in Fig. 5 (10 −3 M NaCl), and similar data corresponding to NaCl 10 −2 M and 10 −1 M, as a function of pH. The effect of NaCl concentration on the slope, at a natural pH of 6, is depicted in Fig. 7 .
In all cases, S = [d(A/A 0 )/dt] t=0 is negative (i.e., any influence from either pH or ionic strength is superimposed on the overall decrease of turbidity), provoked by the gravitational settling of the suspensions. However, it is clear that the slope is maximum (less negative) at approximately pH 6, close to the isoelectric point of the particles, and furthermore, that changes with pH are less significant the higher the ionic strength (Fig. 6) . The maximum in S can be related to the absence of electrostatic repulsion between the particles in the vicinity of pH iep : particle aggregation will be more likely in such conditions. For the sizes and wavelength involved, the extinction cross section of two particles is smaller than that of a single aggregate of twice the volume of the individual particles (19, 20) : This means that, in the absence of settling, the turbidity of the suspension should increase in the initial stages of aggregation. Since sedimentation will always be present, the net effect would be a slower rate of decrease in A/A 0 (less negative values of S) when aggregation is more likely, in agreement with data in Fig. 6 . The screening of electrostatic interactions at high ionic strengths must be responsible for the damping of pH effects on S observed at 10 −2 and 10 −1 M NaCl in Fig. 6 . Concerning the effect of ionic strength on the initial slope, S, Fig. 7 shows that the latter quantity increases with ionic strength below 1 mM; the screening mentioned above will favor attraction between the particles, and hence increases in turbidity, and less negative slopes, as NaCl concentration is raised. For higher concentrations, the slope tends again to morenegative values. Apparently, for such thin double layers the aggregation must be very rapid, and the absorbance decrease due to settling is faster than its increase by aggregation.
These qualitative arguments can be made more quantitative if the interaction forces between the particles are estimated. To   FIG. 7 . Initial slopes of absorbance curves (relative to their t → 0 values) as a function of NaCl concentration, for pH 6. that aim, a potential energy of interaction, V (s) is calculated following two approaches. According to the classical DLVO theory (21), the total potential energy consists of two terms, electrostatic double-layer repulsion, V EL (s), and Lifshitz-van der Waals attraction, V LW (s). Here, s = r − 2a, with r being the center-to-center distance between the particles and a the particle radius. The potential used to account for electrostatic repulsion (21) is V EL (s) = 2πε r ε 0 aζ 2 ln(1 + e −κs ), [4] where it has been assumed that the particle has a constant and moderate surface potential, and that the electrokinetic or zeta potential, ζ , is a good estimation of the diffuse layer potential. In Eq. [4] , ε r ε 0 is the dielectric permittivity of the dispersion medium, and κ is the reciprocal double-layer thickness. The van der Waals attraction is given by the potential (22)
where A is the Hamaker constant. Its value can be obtained from the LW component of the solid/liquid interfacial free energy, γ LW SL (16) , by
where the best estimation for s 0 is 1.58 ± 0.08Å (16) . Using the thermodynamic data of Table 1 , we obtained A = 1.1 × 10 −20 J. The DLVO interaction force F DLVO (s) is given by
The second approach is the so-called extended-DLVO model: in addition to electrostatic and van der Waals interactions, hydrophilic (hydrophobic) repulsions (attractions) must be considered. These can be related to the acid/base contribution to the interfacial free energy, which in turn can be expressed in terms of the electron-donor and electron-acceptor components of γ S and γ L as (16)
where λ is the so-called correlation length of water molecules, that can be estimated to be ∼1 nm (16) and
[9] The force between particles is in this case
[10]
Figures 8 and 9 show the variation of the force with distance for both approaches, and different pH values (Fig. 8 ) and ionic strengths (Fig. 9) . Note that the inclusion of the AB term in the force manifests only at very short distances between the particles, owing to the rather short range of acid/base interactions. For distances s above roughly 15 nm, the extended and classical DLVO evaluation of the force practically coincide. Whatever the model used, it is clear that our stability data can be explained by the force calculations: Thus, the repulsion between particles is minimum when the pH is in the 6-7 interval, and increases as we move to either more-acid or more-basic values, and hence the low stability of the ferrite particles in the pH 6-7 region (Fig. 6).   FIG. 9 . Same as Fig. 8 , but for different NaCl concentrations, and pH 6. Similarly, when the effect of NaCl concentration, is considered (Figs. 7 and 9), it is seen that the systems are less stable the higher concentration, as experimentally observed (Fig. 7) .
Colloidal Stability: Effect of Magnetic Fields
According to the results found with other magnetorheological fluids (23), a significant effect of an externally applied magnetic field on the sedimentation rate of the suspensions was to be expected. Figure 10 shows that this is the case in our systems: the settling of the ferrite particles follows quite different trends in the absence and in the presence of a 2.5-mT field applied parallel or antiparallel (the results are not altered by changing the orientation of the vertical field) to gravity. The A/A 0 curves were fitted to a sigmoidal curve with the equation
and the effect of the field was analyzed for the initial slopes [d(A/A 0 )/dt] t=0 , the characteristic time T C (a measure of the time needed for A/A 0 to suffer a 50% reduction) and the time τ (this time is an indication of how steep the decrease in absorbance is, since a shorter τ corresponds to a more abrupt fall in A/A 0 ). The effect of NaCl concentration and of the magnetic field on these quantities is shown in Fig. 11 . The presence of the field brings about a slower rate of decrease of absorbance at short times (Fig. 11a) . This result is coherent with an increased rate of aggregation of the system when the field is applied. The latter magnetizes the particles and induces magnetic attraction between them. Large flocculi are thus formed that probably occupy most of the suspension volume. However, owing to the high density of the particles, such aggregates will break and sediment rapidly, and this explains the lower τ values (Fig. 11b) in the presence of the field. The other parameter, T C , although less affected by the field, tends to be longer when the magnetic field is on, indicating that the suspensions take a slightly longer time to sediment. Comparing the behaviors of τ and T C in Fig. 11b , we could say that when the field is applied, the system takes longer to start settling, but once the sedimentation process is initiated, it occurs at a faster rate. In fact, Blums et al. (24) analyzed the thermodynamic stability of magnetorheological fluids subjected to magnetic fields. They found that in the region of instability (dependent on the field strength and particle concentration), even small fluctuations in particle concentration may provoke the rapid formation of large particle aggregates. This is in qualitative accordance with our experimental data. A quantitative picture of the kinetics of particle aggregation can be reached if the attractive magnetic force between the particles is added to either of the DLVO forces in Eqs. [7] and [10] . This force can be obtained from a potential energy function, V M (s), given by the following equation (25) , where it is assumed that the magnetic dipoles associated to the interacting particles are aligned with the field.
where µ 0 is the magnetic permeability of vacuum, and M is the magnetization of the particles for µ 0 H = 2.5 mT. Figure 12 FIG. 11. Initial slopes (a) and characteristic times T C and τ (b) (see Eq.
[11]) of the curves in Fig. 10 , as a function of NaCl concentration.
FIG. 12.
Total force between nickel ferrite spheres (Eq. [13] ) as a function of distance, for the NaCl concentrations indicated (pH 6). Solid lines: no magnetic field applied; dashed lines: B = 2.5 mT.
shows the variation of the total force
with distance, s, for the NaCl concentrations investigated (for the sake of brevity, only the extended-DLVO model is used to account for nonmagnetic interactions, mostly considering the short range of the acid/base interactions, that makes both the classical and extended-DLVO approaches indistinguishable at large distances). As observed, the presence of the magnetic field reduces the repulsion due to double-layer electrostatic interactions, and in fact leads to net attractions when the particles are sufficiently far apart and the ionic strength screening the surface charge is high enough. In conclusion, the formation of loose aggregates is thus favored by the field, mainly because the range of magnetic attractions is typically above that of EL forces. Thus, in spite of the complex particle structures formed in magnetorheological fluids under external magnetic fields, the DLVO theory, modified to account for magnetic dipolar interactions, can give a satisfactory qualitative explanation for the observed macroscopic behavior.
